A is a relativ ely ra p id process w hile th a t of th e a c tiv a p o u n d o f carb o n dioxide a n d S is re la tiv ely slow. T he yield for sh o rt flashes is d e te rm in e d b y A , t h a t for long flashes b y S . T he ra tio of to A is of th e o rd er o f 100.
T he re d u c tio n o f one m olecule of carbon dioxide per tw o th o u san d m ole cules o f chlorophyll a fte r each in ten se flash o f lig h t of v ery sh o rt d u ration, w hile th re e h u n d re d or m ore are redu ced w hen th e d u ra tio n of th e flash is g re a tly increased, can be ex p lain ed b y assum ing th a t chlorophyll sensitizes th e a c tiv a tio n o f a su b stan ce A w hich, b y h anding on its energy, causes th e re d u c tio n o f carb o n dioxide in co m b ination w ith a su b stance S . The decay o f a c tiv a te d
A is a relativ ely ra p id process w hile th a t of th e a c tiv a p o u n d o f carb o n dioxide a n d S is re la tiv ely slow. T he yield for sh o rt flashes is d e te rm in e d b y A , t h a t for long flashes b y S . T he ra tio of to A is of th e o rd er o f 100.
The experiments of Emerson and Arnold (1933) showed that a suspension of Chlorella cells in a medium rich in carbon dioxide, illuminated by short flashes of light of about 10-5 sec. duration separated by dark periods of 0-1 sec., reduced one molecule of carbon dioxide per flash for every 2000 or so molecules of chlorophyll present. This yield per flash is the maximum and is approached as the intensity of the flash is increased. Kohn (1936) has reported that the intensity of the flash to give half-maximal yield is 7*2 x 1012 quanta per cm.2, and that the yield, Y , is related to the intensity of the flash, E, by the equation r = rm ax.a -e~KE) K being 9-7 x ICG14 cm.2/quantum. This quantity is 360 times the molecular extinction coefficient of chlorophyll for the light used. These results have led to the suggestion that there are four to six hundred molecules of chlorophyll for each centre capable of combining with carbon dioxide and that four quanta of energy are required for the reduction of each molecule of C0 2.
It has been pointed out (Briggs 1935 ) that it is difficult to reconcile the results of Warburg (1919) with such a theory. In these experiments with a suspension of Chlorella the intermittent illumination consisted of periods of light of the same length as the periods of darkness. With high intensity the rate of photosynthesis for intermittent illumination was above half the rate with continuous illumination and became practically the same as the speed of intermission was increased. Warburg interpreted his results as indicating that the rate of photosynthesis was greater in the light period of intermittent illumination than it was during continuous illumination, the greater rate being attributable to a greater concentration of a complex of carbon dioxide with a substance in the plant cell. This may partly explain the results of experiments where the concentration of carbon dioxide in the supply is small, as is the case in the investigation of McAlister (1937) , but Warburg's experiments were carried out with a concentration which was probably so high that further increase would have had little effect on the rate. Hence Warburg's explanation does not seem to be likely. None of the recent attempts to formulate mechanisms for photo synthesis appear to have taken these results into account. Wohl (1937) , for example, merely considers the limiting case where the intermission is very rapid.
We have repeated experiments of the Warburg type with variations, under conditions where the supply of carbon dioxide definitely did not limit the rate of photosynthesis.* The variations were planned to bridge the gap between experiments of the type of Warburg and that of Emerson and Arnold. Our results are in agreement with those of Warburg, and in view of the conditions of carbon dioxide supply it seems more reasonable to interpret the excess of the rate in intermittent light over half the rate in continuous as being due to a continuation of photosynthesis during the dark period. The term yield will be used for this excess of assimilation over that which would be obtained if the process continued during the light periods at the same rate as in continuous illumination but stopped completely during the dark intervals.
Whereas the yield per flash obtained by Emerson and Arnold represents 1-2 % of the amount of carbon dioxide reduced in one second of con tinuous illumination of high intensity, the yield in experiments of the Warburg type attains a value of 500 % or more, and the length of the dark period for such a yield is more than 10 sec. It was suggested earlier (Briggs 1935 ) that flashes of high intensity of longer duration than 10-5 sec., but still short compared with the dark period, should give useful information. Emerson and Arnold stated that lengthening the flash to * These experim ents h ave been carried o u t during th e p a s t five years b y L. A. T. B allard an d B. G. W ilkinson in th e S u b -D ep artm en t of P la n t Physiology a t C am bridge. B o th of these research w orkers are now on N atio n al Service an d it will be impossible for some tim e to give full d etails of th e ir experim ental w ork. about 10~3 sec. without changing the energy content resulted in little change in the yield, but these flashes were probably not of sufficient intensity to give the maximal yield. In any case they did not try the effect of increasing the intensity of these flashes of longer duration. Our experi ments with a single sector wheel giving flashes of short duration with a dark period about ninety times as long are not easy to interpret. To obtain a high intensity of illumination a convergent beam from a large mirror was used with the result that although the bright part of the flash lasted only about 4 x 10~4 sec. the total duration was a good deal longer, the dark period being about 3 x 10-2 sec. Under these conditions the rate of photo synthesis was the same as that with continuous illumination of high in tensity, thus indicating a yield of about 3 %. With an arrangement of two sector wheels more clearly cut flashes were obtained, but the shortest that could be secured was 0-0342 sec. With a dark time of 0-602 sec. the yield for the most intense illumination (1-2 million lux) was much greater than that recorded by Emerson and Arnold and reached 8-10 %. When the duration of the flash was lengthened without changing the intensity the yield increased, until with a flash as long as the dark period the yield rose to nearly 60 %. In other words, the rate in intermittent light was prac tically the same as in continuous. Greater yields were obtained by lengthening still further the light and dark periods. It is clear that these results are not consistent with a theory such as that referred to at the beginning of this paper.
The following schema seems to account for these results and those recorded by Emerson and Arnold. We assume that the energy absorbed by chlorophyll is passed on, not directly to Sc, the complex of carbon dioxide with a cell substance S, but via a substance T A', reacts with Sc to give S'c and normal A, and S'c gives rise directly, or via a catalyst, to the products of photosynthesis and free S substance, which can then recombine with carbon dioxide. If it were not that chlorophyll is assumed to be activated first, our A ' would be1 the photo chemical primary product of Warburg (1920) . At present we are not concerned with the chemical nature of A', whether A is merely increased in energy content or reduced to a form AH (see later). A similar schema was suggested recently by Ornstein et alia (1938) , but whereas they assume that the substance A 'is in abundance' our suggestion is that the ratio of A to chlorophyll is of the order of 1/500. Their suggestion that A is in abundance is to account for the high efficiency of the photosynthetic process at low intensities of illumination. As Wohl (1940) has indicated, there are other ways of accounting for this high efficiency.
Dealing with conditions of high concentration of carbon dioxide and putting A for the concentration of total A, normal and activated, and similarly S for the concentration of Sc and S'c togeth
The constant kx will depend upon the intensity of illumination and upon the number of chlorophyll molecules which can hand on energy to each molecule of A. The variation in the efficiency of photosynthesis at low intensities of illumination suggests that in some cases part of the chloro phyll is not in a position to hand on the energy it has absorbed. The constant k3 may, as suggested elsewhere (Briggs 1935) , be a function of the concentration of a catalyst and of the concentration of S'c. We are not now concerned with the question as to whether A undergoes four stages of activation before activating Sc or the latter substance is activated in four separate steps. In the above formulation we have taken the latter alternative and have assumed that all the three lower stages of activation of Sc are equally effective as acceptors. For very brief flashes even of high intensity the results indicate that the fraction of Sc activated per flash is not great; that is, S is great com pared with A. Hence during brief flashes separated by long dark periods, but not long enough for S'c to change appreciably*, we have
The fact that the rate of photosynthesis in flashing light of this kind is about one-sixth of that in continuous illumination suggests that in the above equations is about 5/6. The total energy handed on to Sc during a flash and ensuing dark period long enough for the transfer to be almost complete will be
where T is the duration of the flash. This equation becomes the same as that by Kohn (p. 24) when kx > k2pS and T is small. With in intensity of flash the maximum transfer of k2pSA T + A will be approached.
The experiments of Emerson and Arnold suggest that is of the order of 100, so for a flash of 10~5 sec. the maximum yield* is equal to A. Therefore, one molecule of carbon dioxide for each four molecules of A is reduced per flash, since the former requires four quanta. If the duration of the flash were increased to 10~3 sec. without altering the energy content of the flash the yield would be increased by 10 % provided Aq, now reduced to 1/100 of its previous value, is still very great compared with According to Kohn's results (1936) with an intensity of flash (duration 10~4 sec.) giving half the maximal yield the rate of absorption of quanta is about 20 per sec. per chlorophyll molecule, which is about 104 per mole cule of A .A flash of such intensity spread over 10~3 sec. would give Aq a value of 1000 and a yield practically the same as with the shorter flash. As stated earlier, we do not know the intensity of the flashes which Emerson and Arnold used when they tested the effect of prolonging the flash to 10~3 sec., but the context suggests that when of short duration the flashes were not intense enough to give maximal yield.
Turning to the results of our experiments, the intense flashes of duration 0-0342 sec. gave a total yield, including the assimilation during the flash, ranging from 10-5 to 15-2 %. Taking k2pS as 100, as before, the total yield should be equal to 4-42 A/4. Actually the average value of p would be somewhat smaller than in the previous case, since the average rate of photosynthesis in the intermittent illumination was about one-quarter of the rate in continuous. A reduction of the duration of the flash without reducing the intensity should, in the limit, reduce the yield to a value ranging from 2-4 to 3-5 %, that is A/4. This value is not very different from that obtained by Emerson and Arnold with brief intense flashes (0-8-2-2 %). Moreover, it should be remembered that expressed as a per centage, as above, the yield is not fixed, but depends upon A/k3S. So it can be concluded these results are not inconsistent with those of Emerson and Arnold if interpreted on the basis of our schema.
As the duration of the flash is lengthened until the concentrations of A' and S'c approach those of the steady state attained in continuous illumina tion, the yield in the dark will approach the value of the steady state value of Sf c if the dark period is long enough for the whole of S'c to breakdown. For high intensities of illumination and high concentration of carbon dioxide _ . "., AqA$/4
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A ' = A and k2A/4 + Aq * W ith flashes of v e ry sh o rt d u ra tio n th e yield is practically th e sam e as the tra n sfe r of energy.
If the dark period is not long enough, the yield will be only a fraction of S'c; a fraction depending on the duration of the dark period and the order of breakdown process. The point to be noticed here is that the maximum yield for long flashes wT ith long dark periods is determined by S, the substance which combines with carbon dioxide, while that for very brief flashes is determined by A. The variation of yield with leng period will be discussed later along with the full experimental results.
As stated earlier, with a dark period of 0-602 sec. the yield increases as the duration of the flash is increased until a value of about 60 % is attained when the duration equals that of the dark interval. When both periods are further increased, the yield attains yet higher values. It requires a time of the order of 10 sec. for half the maximal yield to be secured, as compared with 1/100 sec., the time for half maximal yield when the light flashes are of 10-5 sec. in duration. This indicates a value for about 1/15 and a maximal yield with long flashes equal to 1500 % if the breakdown of S'c is unimolecular; the rate in continuous illumination is k3 S'c, and the yield S'c. Since the estimation of the yield depends upon the difference between the rate in continuous illumination and twice the rate in intermittent illumination (the rate per.second of actual illumination), the estimate becomes less certain as the yield becomes greater and the intermittent rate approaches a value equal to half the rate in continuous illumination. For the purpose of estimating the ratio of to we shall take a value of 1000 % as the yield for long flashes and 3 % for very brief flashes. In terms of our schema the ratio of the two yields is Taking k2S as 100 and k3 as 1/ 15, we get k2A = 14/15 and the maximum yield fo long flashes 7$ /9. The ratio of
St o if we assume that A receives all the four quanta before it can activate . We made no determinations of the amount of chlorophyll in our material, but in as far as it is comparable with that used by Emerson and Arnold the ratio of S to chlorophyll is about one to five. It may be noted in passing that if the temperature coefficient of is greater than that of k2, this schema provides an explanation for the variation of the temperature coefficient of the rate of photosynthesis w ith material as due to a variation in the A /S ratio and also for the fall in the coefficient as the temperature is increased and the ratio k3/k2 is increased.
In all these experiments and those on Chlorella the reduction of carbon dioxide was measured in terms of the oxygen produced. McAlister (1939) has reported a £pick-up' of carbon dioxide by wheat leaves on the ter mination of illumination. This uptake with an atmosphere containing 0-3 % carbon dioxide amounts to one molecule to 2-4 molecules of chlorophyll present, and only a small part of this uptake can be attributed to carbon dioxide going into solution in the leaves. Expressed in terms of the amount of assimilation in a second the uptake is about 1000 %, a value comparable with our maximum yield. Moreover, the time curves for carbon dioxide pick-up are similar as regards time scale with ours for output of oxygen. This likeness is to be expected if the breakdown of giving oxygen, released free 8 substance which then combined w as we have suggested. If pick-up is a measure of the amount of S'c at the end of the period of illumination, then the curve given by McAlister for the relation between rate of photosynthesis at different intensities of illumination and subsequent pick-up is of the non-linear type to be expected if the breakdown of S' c is not a un determined by combination of S'c with a cataly type of breakdown has been discussed earlier (Briggs 1935) .
The statement that, after a period of illumination in air free from carbon dioxide, the introduction of carbon dioxide on darkening did not result in a pick-up of carbon dioxide, suggests that only when the substance is freshly liberated is it capable of combining with carbon dioxide. If we assume that this active form, Sa, can comb dioxide to form Sc, the velocity constants of formation and dissociation being relatively great, or alternatively change reversibly to an inert form Sb, the velocity constants being relatively small, but the ratio o the constants which decides the ratio of Sb/Sa at equilibrium relatively great, then, not only should we have a mechanism in harmony with the above facts, but also one in agreement with the observation that after a period of darkness, during which S will p return to illumination results in a phase of increasing rate of photosynthesis as more and more of Sb is converted v iSc to the conversion of Sb to Sa being small, the rise in rate of absorption of carbon dioxide would be determined chiefly by this process whatever the intensity of illumination, but the induction loss (the difference between the absorption if the rate had been maximal from the outset of illumination and the actual amount) would be closely related to the final value of Sc, that is, to the rate of photosynthesis. This is in agreement with the results of McAlister. The statement by McAlister which is not in agreement with the above picture is that after a period of illumination in air free from carbon dioxide the rate of photosynthesis commences at a normal rate on the introduction of carbon dioxide. McAlister, who makes no reference to the possibility of the carbon dioxide pick-up being connected with oxygen output, goes as far as stating 'the material reponsible for the pick-up is an intermediate formed only during photosynthesis'. The suggestion is not given a more concrete form and the difficulty of reconciling the last observation with the others is not considered.
Recently Hill (1939) and Hill and Scarisbrick (1940) have investigated the production of oxygen by the reduction of ferric to ferrous iron in the form of oxalate by illuminated chloroplasts of isolated from the leaf cells. The relation between rate of production of oxygen on the one hand and intensity of illumination, temperature, and concentration of depressants such as potassium cyanide and urethanes on the other shows a close parallelism with the relation for photosynthetic reduction of carbon dioxide by the intact leaves. Hill's suggestion is that a substance A is reduced to AH2 with the evolution of oxygen and is then oxidized back to A by the ferric salt. A mechanism such as this with our Sc as the hydrogen acceptor could explain the results of our experiments on photosynthesis in intermittent illumination. In the case of flashes of long duration the extra assimilation per flash would be, in terms of carbon dioxide, an uptake in the dark period, but in terms of oxygen produced it would be as a higher rate of production in the earlier part of the light period. Since the photo synthesis is measured as the average rate of carbon dioxide consumption or oxygen production over a period including many flashes, the results would not distinguish between a mechanism such as Hill's and one such as ours where the oxygen is produced by a substance which then rapidly combines with the carbon dioxide. The evidence against the former type of mechanism for the photo-reduction of carbon dioxide is that when photosynthesis is measured as oxygen production there is no indication of a higher rate at the outset of illumination. Admittedly there may be complicating factors of the type we have already discussed which would obscure such a fall in rate of oxygen production.
